ABSTRACT Drosophila suzukii (Matsumura) is a global pest attacking various berry crops. D. suzukii lays eggs in damaged and in intact wine grape berries of the most soft-skinned varieties. Here, we describe the relative host utilization of different wine grape cultivars grown in Northern Italy and Oregon. Assessments of host berry utilization were performed in both field and laboratory settings. Results were correlated to physiological changes occurring during grape berry development starting at véraison and concluding during harvest. We found that oviposition increased with an increase in sugar content and a decrease of acidity levels. Oviposition increased with a decrease of penetration force. Penetration force, as a measure of skin hardness, is a critical component of host selection among the D. suzukii-exposed cultivars. We demonstrated that incised berries are more favorable for D. suzukii oviposition and as a nutrient substrate. Increased presence on wine grapes, as indicated by egg laying and increased longevity, was observed for flies that were exposed to incised berries as opposed to fully intact berries. D. suzukii flies can be found feeding on damaged wine grapes during the harvest period, especially when the skins of berries are negatively impacted due to cracking, disease, hail injury, and bird damage. Such an increase of feeding and oviposition may increase the likelihood of spoilage bacteria vectoring due to D. suzukii.
Drosophila suzukii (Matsumura) (Diptera: Drosophilidae), spotted wing drosophila, is an economic pest of susceptible small and stone fruit in production areas in North America, Asia, and Europe , Walsh et al. 2011 , Cini et al. 2012 . The serrated ovipositor of female D. suzukii allows oviposition in suitable ripening fruits. Developing larvae render affected fruit unmarketable and reduce the processed fruit quality (Walsh et al. 2011) . Worldwide, the potential economic impacts of this pest on small fruit and cherry industries are staggering (Bolda et al. 2010 , De Ros et al. 2013 .
Beginning with the first reports from Japan, D. suzukii was considered a potential commercial pest of grapes (Vitis vinifera L.), but details regarding the nature of damage were lacking (Kanzawa 1935 (Kanzawa , 1939 . Recently, spotted wing drosophila adults were found in traps baited with apple molasses installed in wine grape vineyards in the Sauternais region of France (Rouzes et al. 2012) , and larvae have also been reared to adults from red grape clusters collected from vineyards in Quebec and Michigan (Saguez et al. 2013, Van Timmeren and Isaacs 2013) .
In the United States, preliminary laboratory studies on grape susceptibility to D. suzukii reported that very few eggs were laid on grape berries and slower developmental rates were observed relative to other small fruit. Survivorship to the adult stage was limited, ranging from 0 to 9% (Maiguashca et al. 2010 . The poor capacity of grapes as a host for D. suzukii development is further evidenced by the crop's unsuitable ranking among the seven fruit types in a host potential index study (Bellamy et al. 2013) . No significant differences in susceptibility were found among the three wine cultivars, 'Early Campbell,' 'Merlot,' and 'Riesling' in the United States (Maiguashca et al. 2010) . D. suzukii can be found feeding on wine grapes that are negatively impacted by cracking, disease, and bird damage during the harvest period (C. I.; V. W., personal observation). When the berries are compromised, as described above, D. suzukii is expected to survive for longer periods, to lay more eggs, and to be a vector of Acetobacter spp. in wine grapes during the latter portion of the season, as is the case with Drosophila melanogaster Meigen (Barata et al. 2012) . Increased levels of Acetobacter spp. owing to D. suzukii activity alone or in combination with D. melanogaster would undoubtedly negatively impact the quality of high-value wines, as well as increase production costs. Even though fruit skin penetrating resistance has been reported as a possible driver in host selection , Burrack et al. 2013 , detailed studies on skin penetrating resistance of grape cultivars and the relationship to the susceptibility of wine grapes to spotted wing drosophila attack have not been reported. D. suzukii oviposition, larval development, and increased sour rot were reported in Northern Italy on the thinskinned wine grape variety Schiava in 2011 (Sinn 2012) .
The goal of this study was to determine the comparative presence of D. suzukii in Italy and Oregon wine grape berries during the harvest period and to assess the differential suitability of wine grape cultivars as a function of berry penetrating resistance, Brix and pH levels within the fruit. We also wanted to determine the role of berry skin wounds. It is believed that these wounds could facilitate attraction of D. suzukii, thereby enabling contact through oviposition and feeding, which may ultimately result in increased vectoring of spoilage bacteria, including Acetobacter spp.
Material and Methods
The D. suzukii populations used in this study were direct offspring of live adults collected from multiple locations in Trento Province of Italy and the Willamette Valley of Oregon during the summer seasons of 2011-2013. Physiological Characteristics. Physiological changes of several wine grape berry cultivars were selected for study in this trial. These changes were concurrently determined weekly by measuring the sugar content (Brix), acidity (meq/100 g), and penetrating resistance (cN) of the cultivars on each of 50 healthy grape berries. Penetrating resistance measurements were conducted using techniques adapted from Letaief et al. (2008) by measuring the penetration force (cN) exerted by a 2-mm blunted needle probe to the point of penetration. All measurements were conducted by placing berries on the metal plate of the Universal Testing Machine (TAxT2i Texture Analyzer, Stable Micro System, Godalming, Surrey, United Kingdom). All berries were placed with the pedicel in a horizontal orientation and penetration assays were conducted on the lateral side.
D. suzukii Survival, Egg Laying, and Larval Development. No-choice
Observations. Trials were conducted in the laboratory at the Fondazione Edmund Mach (FEM) San Michele a/A, Italy, and Oregon State University, Corvallis, OR. Experimental units at FEM were composed of four female and one male $7-d-old D. suzukii, released into transparent plastic boxes (175 by 105 by 100 mm) with one hole (40 by 40 mm) on both the shortest sides that was closed with gauze. Two 0.5-ml polymerase chain reaction tubes (Eppendorf, Hamburg, Germany) were fitted with cotton and impregnated with water and sugar and placed into each container. For the bioassay, 10 fully intact grape berries of the respective varieties were placed in the arena. These experiments were replicated four times for each variety during 10 successive weeks from véraison to harvest. All D. suzukii were removed after 24 h, and eggs oviposited within the berries were counted under the dissecting microscope. Berries containing D. suzukii eggs were subsequently stored in plastic containers (135 by 85 by 50 mm) and kept at 24 C, 40-77% relative humidity (RH), and a photoperiod of 16:8 (L:D) h, and observed daily for adult emergence for 25 d after the initiation of the experiment. Experimental units were similarly established for blueberry (Vaccinium corymbosum L.) and raspberry (Rubus idaeus L.) to provide comparative development time and emergence rates to grape by exposing berries to ovipositing adult female D. suzukii.
The grape cultivars selected were three white wine cultivars 'Chardonnay,' 'Yellow Muscat,' and 'Traminer;' the three red wine cultivars 'Pinot noir,' 'Teroldego,' and 'Schiava.' The selected grape cultivars were located at FEM, and received standard practice fungicide treatments and no insecticides. Berries used in the bioassay were randomly collected from grape clusters and examined under the dissecting microscope to ensure that there were no D. suzukii eggs deposited in them prior to the experiment.
The role of berry condition on D. suzukii survival, egg laying, and larval development was examined at OSU by subjecting artificially damaged versus fully intact unsprayed wine grape berries to a spotted wing drosophila bioassay. The effect of wounding on the capacity for spotted wing drosophila infestation and survival was assessed on the four wine grape cultivars Chardonnay, Pinot gris, Pinot noir, and Merlot collected on 27 September 2013 from plantings at the Lewis-Brown Farm at Oregon State University, Corvallis, OR. The penetrating resistance and sugar content were measured on a sample of berries (N ¼ 10) for each variety as described above. For the bioassay, wine grapes were placed in clusters of five berries into screened, 473-ml containers. In half of the treatment containers, all berries were incised with a scalpel that was sterilized in 100% ethanol after each incision; in the remaining treatment containers, all berries were left intact. A 30-ml cup fitted with a sponge and water was placed into each container. Three males and two females from a permanent laboratory colony of D. suzukii were then introduced into each treatment container. Flies were removed after 72 h and oviposition sites were counted under a dissecting microscope. Containers were then kept at 20-24 C, 40-70% RH, and a photoperiod of 14:10 (L:D) h. Development of D. suzukii was assessed after 3 wk by counting the number of flies that had emerged from the 473-ml containers.
Choice Observations. The same six wine grape varieties used in the no-choice tests at FEM were monitored to assess their susceptibility to spotted wing drosophila infestation directly in the field, simulating a choice test. Spotted wing drosophila grape oviposition and larval development were determined and recorded at weekly intervals from véraison to harvest using a dissecting microscope and inspecting 150 intact berries per variety from 10 grape clusters from each of 10 different vines. Berries infested with eggs were kept at 24 C, 40-77% RH, and a photoperiod of 16:8 (L:D) h and observed daily for adult emergence. Spotted wing drosophila presence within the vineyard was monitored using three 1-liter red bottles (Kartell S.p.a., Noviglio, Italy) baited with 200 ml of "droskidrink" consisting of 4 g of raw cane sugar dissolved into a solution of 75% apple cider vinegar þ 25% red wine ). Traps were placed 1.2-1.3 m within the vine canopy and they were monitored and serviced every week from véraison on 1 August to harvest on 8 October in 2012 and 2013. Statistical Analysis. Cultivar differences emerging from the no-choice test and indicated by the number of eggs per berry were separated by using a two-way analysis of variance (ANOVA) after log þ 1 transformation and followed by Tukey's honestly significant difference to statistically separate the means. Statistical differences among the percentage of infested berries of the cultivars were additionally assessed using chisquare contingency tables followed by multiple comparisons of proportions using the Ryan test to evaluate the significant difference between single cultivars (Ryan 1960) . Differences in the development time in small fruits compared to grape berries were tested with one-tailed t-Student paired test applied at the number of days needed to emerge. Friedman tests, followed by post hoc test according to Siegel and Castellan (1988) were used to assess differences in chemical (sugar content, Sc; acidity, Ac) and physical (penetration resistance, Pr) parameters among the tested cultivars during ripening. A principal component analysis (PCA) was created to provide a relative value of the contribution of each of the respective parameters to susceptibility to D. suzukii egg laying. PCA is composed of the key parameters of Pr, Sc, Ac, and sampling time during ripening (T). Samples were grouped by variety and categorized at five infestation severity levels (infestation rate, Ir; no infestation ¼ 0%; light 1-5%; medium 5-15%; high 15-30%; very high >30%). A pairwise correlation (Pearson product moment correlations) was conducted to measure the correlation between each parameter and the infestation rate. All statistical analyses were conducted using the Statistica software (version 9.1, Statsoft Inc., Tulsa, OK).
Results
Physiological Characteristics. During the experimental period, and combined for all grape varieties at FEM, Ac decreased from 28.4 6 8.7 to 7.8 6 1.4 meq/ 100 g, Sc increased from 13.3 6 2.4 to 23.0 6 0.9 Brix, and Pr levels decreased from 78.7 6 10.4 to 57.1 6 20.4 cN ( Table 1) . Schiava displayed the lowest Pr levels compared with the other cultivars trialed during the observation period (Friedman test, v 2 ¼ 42.63; df ¼ 5; P < 0.001). For Schiava, Pr decreased to <50 cN 3 wk before harvest. Mean Chardonnay and Pinot noir Pr values were below the mean of all cultivars combined for the entire period and were statistically similar to that of Schiava during the week directly preceding harvest (Table 1) . The Pr values of the other cultivars were above the mean of all cultivars combined. Schiava displayed the lowest overall values of penetration resistance, followed by Chardonnay and Pinot noir, which were not statistically different. Pinot noir was not different from Traminer and Yellow Muscat. These two latest varieties were statistically grouped together with Teroldego, which appeared to be the varieties with the highest penetration resistance.
D. suzukii Survival, Egg Laying and Larval Development. No-choice Observations. When subjected to no-choice trials, the six Italian varieties showed a statistically significant difference in the number of eggs per berry, and susceptibility to oviposition varied significantly along the ripening period, from no oviposition during the first 3 wk of observation to 0.98 (63.6) eggs per berry at harvest (Fig. 1) . Two-way ANOVA for the number of eggs per berry showed a statistically significant effect of the cultivar (F 5, 239 ¼ 22.6; P < 0.001; Table 2), the week of sampling (F 9, 239 ¼ 20.9; P < 0.001), and the interaction of cultivar Â week (F 45, 239 ¼ 5.3; P < 0.001). Schiava displayed the highest levels of oviposition, followed by Chardonnay and Pinot noir, which similarly displayed lower levels of oviposition. The remaining varieties Traminer, Yellow Muscat, and Teroldego had the lowest oviposition levels and were statistically indistinguishable from one another. These levels of oviposition were additionally confirmed using chi-square contingency tables followed by multiple comparisons using the Ryan test. Here, Schiava supported the highest rate of oviposition (28.8%), followed by Chardonnay (15.9%), Pinot noir (10.6%), and Traminer (7.8%). Yellow Muscat (3.4%) and Teroldego (1.3%) had the lowest levels of observed oviposition.
The limited number of individuals (N ¼ 89) that successfully developed into adults precluded statistical separation of the emerged adults between cultivars. During the same observation period, 1,005 flies emerged from the small fruit reference substrates. The time needed for D. suzukii adults to emerge from grape berries compared with small fruit berries was statistically greater (t-value ¼ 7.41; df ¼ 5; P < 0.001; Table 3 ). D. suzukii adult emergence from small fruit was 3.9 d earlier than on wine grape berries. Adult emergence on small fruit berries ranged from 7 to 16 d with an average development time from egg to adult of 9.2 d. Adult emergence from wine grapes ranged from 9 to 19 d with an average development time from egg to adult of 13.1 d.
PCA values illustrated that Pr, Sc, and Ac of host grape berries were the largest contributors to D. suzukii egg-laying capacity (Fig. 2) . More than 90% of infested fruits were located in an area toward positive values of PC1, while all but one of the noninfested fruits (variety Teroldego) were plotted in the PC1-negative side. As for the infested fruits, a clear separation was apparent between mild (light and medium) and severe (high and very high) infestation, the former mostly occurring in the PC2-positive values and the latter in the PC2-negative values. The correlation matrix (Table 4 ) revealed a significant correlation (P < 0.05) between all the tested parameters of Sc, Ac, Pr, and time. Even though significant differences among the six varieties were detected for all three parameters during the observation period (Ac; Friedman test, v 2 ¼ 33.02, df ¼ 5; P < 0.001; Sc, v 2 ¼ 26.31, df ¼ 5; P < 0.001; Pr, v 2 ¼ 42.63, df ¼ 5; P < 0.001), low values of Pr appeared to be highly correlated with Ir. Columns with different letters are significantly different at levels of P < 0.001 using the Friedman tests followed by post hoc analysis according to Siegel and Castellan (1988) . When looking at the effect of wounding on wine grapes during harvest, Brix levels of all cultivars ranged from 17.5 Brix (Pinot noir) to 18.8 Brix (Pinot gris). There was a significant effect of cultivar on egg laying (F 3, 24 ¼ 5.8; P ¼ 0.004; Table 5 ) with more eggs laid in Pinot gris berries than in the other cultivars. Incised berries generally displayed higher D. suzukii egg-laying levels compared with fully intact berries (F 1, 24 ¼ 17.4; P ¼ 0.0003). In this experiment, a higher percentage of adult individuals survived in containers with incised berries compared with those with fully intact berries (F 1, 24 ¼ 5.3; P ¼ 0.03).
Choice Observations. In 2013, at FEM, all the varieties were harvested 7 to 10 d later compared with 2012. During 2012, at FEM, D. suzukii trap catches started during véraison on 8 August and generally increased to a peak of 33 adults per trap per week just after the harvest of the latest variety during the first week of October (Table 6 ). The first berries containing D. suzukii eggs were found on 12 September in Schiava. This level of infestation increased during the last three weeks and reached a maximum of 0.73 eggs per berry at harvest on 1 October, coinciding with a Pr <40 cN. No berry infestations were found on the other cultivars on which Pr always exceeded 40 cN.
During 2013, D. suzukii trap catches at FEM started during véraison on 8 August and increased to a peak of $100 adults per trap per week during harvest the first week of October. The first egg-infested berries were found on 17 September on Schiava and Pinot noir. Schiava D. suzukii egg infestation increased to a maximum 2.67 eggs per berry during harvest on 8 October. D. suzukii eggs found on Pinot noir increased to a maximum of 0.19 eggs per berry 2 wk after harvest. None of the other studied varieties displayed spotted wing drosophila oviposition during the experimental period. The increase in the oviposition on Schiava corresponded with a decrease of the Pr to <40 cN, a low Values in bold indicate significant differences at the level of P < 0.05. value never reached by the other cultivars (data not shown). Only Pinot noir and Chardonnay showed a Pr <50 cN during the last 3 wk of observation. Field surveys and rearing of D. melanogaster and D. suzukii from commercial grapes during the harvest period in Oregon resulted in the collection of a total of 57 samples from 18 different locations during 2013. Results from the surveys showed that 0.5 adult D. suzukii were reared per cluster compared to 6.5 D. melanogaster (Table 7) . Soluble solids from grapes collected in Oregon ranged from 17
Brix (Pinot noir) to 18.8 Brix (Pinot gris). The rainfall and mean temperature during this period was 163 mm and 18.3 C, respectively.
Discussion
Our no-choice observations indicate that susceptibility to D. suzukii oviposition increases during the grape ripening period. Physiological changes of grape berries during this period include an increase of Sc, decrease of pH, and a decrease of Pr. Our work illustrates that the level of egg laying depends mostly on Pr of wine grape skins. There is also a trend of moderate increases of oviposition coupled with an increase of the soluble solids and this observation is supported by previous similar studies , Broutou 2014 ). In our study, intact grape berries had increased levels of D. suzukii oviposition coupled with an increase of Sc and a decrease of pH. However, when considering PC1, the first principal component of the PCA analysis, it appears clear that a distinct threshold exists between uninfested (negative vector) and infested (positive vector) wine grapes. The former correlated with Ac and the latter with Sc. This trend differed within the six cultivars tested, and the differences follow a gradient along the PC2 driving the D. suzukii oviposition susceptibility. In fact, PC2 was mostly associated with Pr that, despite some dependence on fruit maturity (Vicente et al. 2007 , Burrack et al. 2013 , was inversely correlated with the oviposition level. Pr levels were distinctly different among the cultivars, with Schiava clearly displaying the lowest resistance levels. Laboratory trials showed that Schiava supported the highest levels of D. suzukii oviposition compared with the other cultivars selected for this trial, followed by Pinot noir, then Chardonnay, and then the remaining three cultivars.
The significant differences in number of eggs laid by D. suzukii during the weeks of the bioassays could be explained by the physiological changes of ripening berries. Our results confirm previous research , Burrack et al. 2013 , Kinjo et al. 2013 ) that has demonstrated that fruit firmness is a critical component in host selection and is negatively related to oviposition and larval development. Schiava had lowest Pr during ripening compared to the other tested cultivars and is thus the most suitable of the studied varieties for oviposition. Field oviposition levels in Schiava support Results from different cultivars indicate that D. suzukii may oviposit in fully intact berries. The current work additionally indicates that incised or compromised berry skins can result in an increase in egg laying and a longer survival period for D. suzukii compared with fully intact berries for all cultivars, including those with high skin penetration values. Increased egg laying and survival of D. suzukii indicate that this insect can use compromised wine grape berries as a nutrient resource, which may ultimately result in increased longevity and fecundity. Increased contact through feeding and oviposition may ultimately elevate the chances of vectoring spoilage bacteria such as Acetobacter spp.; however, investigation into this phenomenon falls outside of the focus of this study. Other research has indicated that increased contact of both D. melanogaster and D. suzukii with compromised berries can result in increased levels of spoilage bacteria (Barata et al. 2012 , Chandler et al. 2014 . The fact that D. suzukii can utilize wine grapes as a possible food and ovipositional resource are of importance where berries are compromised during harvest due to bird damage, hail wounds, heightened disease pressure, and cracking caused by rain. High levels of adult D. suzukii populations are often found on compromised berries during the cooler wet harvest periods (Saguez et al. 2013, Van Timmeren and Isaacs 2013 ), yet our field surveys show that D. suzukii does not develop at comparable levels to those of D. melanogaster. Several growers in Oregon (M. Chien, personal communication) and Italy have noticed increased spoilage and acetic acid of wine grapes during unsuitable environmental conditions during harvest. Studies of the role of D. suzukii as a vector of spoilage bacteria in wine grapes did not fall within the scope of this study but warrant further investigation.
Taken together, we conclude that high skin penetration values and fully intact grape berry skins limit D. suzukii oviposition. Our work supports previous studies indicating that wine grapes are less suitable for D. suzukii development than cherries, raspberries, and blueberries (Bellamy et al. 2013 ). These findings indicate that wine grapes are in most cases not ideally suited for D. suzukii population increase, especially during periods when temperatures are suboptimal for D. suzukii reproduction, development, and survival ). This study, however, indicates that D. suzukii do feed, oviposit, and develop to adults on wine grapes during harvest. High populations of D. suzukii found on wine grapes during the harvest period may therefore result in significant risk considering the vectoring of spoilage bacteria.
